Glucocorticoids are widely used to suppress inflammation and treat various immune-mediated diseases. Some glucocorticoid receptor (GR)-regulated genes mediate the therapeutic response, whereas others cause debilitating side effects. To discover selective modulators of the GR response, we developed a high-throughput, multiplexed system to monitor regulation of 4 promoters simultaneously. An initial screen of 1,040 natural products and Food and Drug Administration-approved drugs identified modulators that caused GR to regulate only a subset of its target promoters. Some compounds selectively inhibited GR-mediated gene activation without altering the repression of cytokine expression by GR. This approach will facilitate identification of genes and small molecules that augment beneficial effects of GR and diminish deleterious ones. Our results have important implications for the development of GR modulators and the identification of cross-talk pathways that control selective GR gene regulation.
G
lucocorticoid receptor (GR) belongs to the nuclear receptor (NR) family of intracellular ligand-regulated transcription factors and is expressed ubiquitously in humans (1) . Hormones such as cortisol activate GR, causing its nuclear translocation, interaction with coregulators, and binding to specific genomic sites to regulate transcription (2, 3) . This mediates the broad systemic effects of GR signaling and underlies glucocorticoid treatment of diverse immune-mediated diseases such as asthma and rheumatoid arthritis. However, severe dose-limiting side effects occur, including osteoporosis, muscle wasting, and diabetes (4) . No existing drugs induce only beneficial effects of GR.
The beneficial and harmful effects of glucocorticoids are due to selective activation or repression of particular genes by GR. This selectivity is based in part on tissue-specific factors and cross-talk pathways (5) . For example, GR reduces the expression of certain inflammatory cytokines by inhibiting other transcription factors such as AP-1 and NF-b (6) . Conversely, GR increases expression of RANKL, a gene coregulated by the vitamin D receptor that activates bone resorption by osteoclasts (7) . Controlling GR activity at certain tissues or promoters has profound therapeutic implications.
Efforts to achieve this goal have focused primarily on developing selective GR ligands that induce a subset of GR activities (8, 9) . However, it is not yet possible to predict GR gene regulation based on ligand design, and it remains uncertain whether new ligands can produce therapeutically relevant transcriptional selectivity. Moreover, transcription-based screens for GR modulators generally measure GR activation at a single experimental promoter (10) . This does not allow efficient identification of molecules that produce promoter-specific responses. Accordingly, although numerous GR agonists with different potencies and/or modes of delivery are in clinical use, dose equivalency generally results in similar clinical responses and side effects (11) . Nonligand modulation of GR is an alternative strategy to achieve the desired transcriptional output, potentially enabling tissue or promoter-specific GR effects.
To address this problem, we developed a high-throughput system to measure GR activity simultaneously at 4 promoters. This permits discovery of genes or molecules that alter GR signaling in a promoter-specific fashion. We have applied this system to identify selective modulators of the GR response in an initial screen of 1,040 natural products and Food and Drug Administrtion (FDA)-approved compounds.
Results

Simultaneous Measurement of GR Response at 3 Promoters.
To measure GR regulation of multiple promoters simultaneously, we used fluorescent proteins (FPs) with different excitation/ emission properties (12) in combination with regulatory elements for ENaC, GILZ, and FKBP5 (13, 14) , 3 genes strongly induced by GR (15, 16) and believed to be clinically relevant GR targets (17) (18) (19) . We linked GR-responsive regulatory regions for these genes to cDNAs encoding cerulean fluorescent protein (CFP), yellow fluorescent protein (YFP), and mOrange fluorescent protein (OFP). The FP-reporter constructs (pENaC-CFP, pGILZ-YFP, and pFKBP5-OFP) were transfected individually into A549 cells, a model of GR signaling. Fluorescence was induced in transfected cells by exposure to dexamethasone (dex), a synthetic GR ligand ( Fig. 1 A and B) .
We and others have previously used monochrometer-based fluorescence plate readers to quantify the expression of FPs (20, 21) . We applied this system to measure dex-induced fluorescence from each of the GR-responsive reporters. We readily detected increases in peak fluorescence in A549 cells transfected with the pENaC-CFP, pFKBP5-OFP, and pGILZ-YFP reporters (Fig. 1C) . In contrast, a constitutive SV40-mCherry (pSV40-mCh) FP reporter did not respond to dex (Fig. 1C) .
For simultaneous measurement of 4 reporters, we defined 4 excitation/emission parameters in which each FP variant was strongly detected at a single setting (Fig. 1D) . Only pSV40-mCh fluoresced at Ͼ1 setting: Fluorescence generated by pSV40-mCh with the excitation/emission pairing optimized for OFP (555 excite, 575 read; Fig. 1C ) was a small, constant percentage of the signal measured at the optimized mCh setting (585 excite, 608 read, Fig. 1D ). This did not significantly alter the value of the OFP reporter. By transfecting all 4 reporters and sequentially measuring with the 4 optimized emission/excitation settings, we simultaneously measured the changes in transcription associated with GR activation from 4 promoters (Fig. 1E) . Although cotransfecting the reporters lowered the absolute fluorescent output for each, the low standard deviations of the GR-inducible reporters relative to the level of activation (Fig. 1E) implied that each would clearly indicate GR activity in screens. There was no evidence of fluorescence resonance energy transfer between the different reporters.
Application of a Multipromoter Screen to Identify GR Modulators. We used this system to screen a library of 1,040 natural products and FDA-approved drugs for modulators of GR signaling (22) , as outlined in Fig. 2 . The pENaC-CFP, pGILZ-YFP, and pFKBP5-OFP reporters indicated GR signaling, whereas pSV40-mCh, an internal control, excluded nonspecific transcription inhibitors and toxins. We screened the library in duplicate in saturating dex (100 nM). ZЈ, a function that reflects the ability to discriminate between control and experimental wells (23) , was determined for each GR reporter. The ZЈ values were: ZЈ(ENAC-CFP) ϭ 0.68; ZЈ(GILZ-YFP) ϭ 0.64; and ZЈ(FKBP5-OFP) ϭ 0.66. These indicate that the screen should efficiently identify compounds that increase or decrease fluorescence from any of the 3 experimental promoters (23) .
In the primary screen, 66 compounds significantly modulated one or more of the experimental reporters in duplicate. Primary hits included both general and promoter-specific inhibitors and potentiators of GR activity. Fourteen were known NR ligands, comprising 7 glucocorticoids, 2 antiandrogens, 3 estrogens, and 2 progesterones. Of the hits not known to be NR ligands, repeat FP assays with library compounds followed by standard luciferase assays using newly acquired compounds yielded 6 compounds that dose-dependently altered GR signaling (Table S1 and Table 1 ). Luciferase assays were used here and elsewhere because they are a standard method to quantify transcription and thus provide validation for the FP-based screening method. Further analyses of the validated compounds are described below.
Anthracyclines Prevent GR-Mediated Gene Activation. Aclacinomycin (Acl), an anthracycline antineoplastic, and mitoxantrone, a related anthracenedione, were nonselective inhibitors of GR (Table 1) ; these activities were validated in A549 cells with luciferase assays (Fig. 3A) . Both also inhibited GR in U2OS-GR cells (Fig. 3A) , a bone sarcoma cell line model of GR signaling (15) .
To investigate structure activity relationships, we tested the effects of additional anthracyclines on GR signaling. Anthracyclines contain a tetracyclic aglycone core attached to at least 1 sugar residue (e.g., Acl; Fig. 3B ) and intercalate GC sequences within DNA. Cinerubin (Cin) B and Cin A HCl (NSC 267634), which both contain a trisaccharide chain attached to the aglycone moiety and are very similar to Acl (Fig. 3C , compare with Fig. 3B ), potently inhibited GR activity (Fig. 3C ) in luciferase assays. In contrast, marcellomycin, an anthracycline with a slightly divergent trisaccharide chain, had no effect on GR activity (Fig. 3C ). Doxorubicin and daunorubicin, which are monosaccharide anthracyclines, inhibited GR, although they were Ͼ10-fold less potent than Acl and Cin B. Taken together, these results show that the sugar moieties attached to the aglycone core mediate the effects on GR transcriptional regulation. To rule out nonspecific effects on RNA polymerase II (Pol II), we compared the effects of ␣-amanitin, a direct inhibitor of Pol II, to Acl (Fig. 3D ). Both drugs were tested on a GR-dependent and a GR-independent reporter (Fig. 3D) . As expected, ␣-amanitin similarly reduced the activity of both reporters. In contrast, treatment with Acl dramatically reduced GR activation of pENaC-luc compared with the constitutive reporter, pSV40-rl. Thus, Acl does not inhibit GR solely through nonspecific blockade of Pol II.
To test whether the plasmid-based results predict regulation of native promoters, we used quantitative PCR (qPCR) to measure the effects of 2 of the most potent anthracylines, Cin B and Acl, on endogenous GR target genes. Expression of ribosomal protein L19 (RPL19), which does not respond to GR, was the reference standard (Fig. S1 ). Both drugs inhibited GR at the endogenous promoters (Fig. 3E) . These anthracyclines thus are potent inhibitors of GR-mediated activation of genes within native chromatin.
Selective GR Modulators. Ciclopirox olamine (Ciclo), rosolic acid, and pararosaniline (Para), not previously known to modulate GR signaling, were identified in the primary screen as selective inhibitors of the GR response, as was hydroxyprogesterone caproate (Hpg), a progesterone-like steroid hormone (Table 1) . These compounds also exhibited dose-dependent effects on GR activity in luciferase assays (Fig. 4A and Fig. S2 ), suggesting drug-like activities for each. We next tested whether the effects on the FP reporters predicted regulation of endogenous genes. qPCR showed that all 4 compounds affected the expression of endogenous GR target genes (Fig. 4B) . Ciclo was a general inhibitor of the GR response, whereas, similar to the primary screen, Hpg, rosolic acid, and Para selectively modulated endogenous GR target genes (Fig. 4B) . Specifically, Hpg had no impact on induction of ENaC but reduced induction of GILZ and FKBP5, whereas rosolic acid inhibited GR induction of ENaC and FKBP5 but failed to inhibit GILZ (Fig. 4B) . Para also selectively inhibited the induction of endogenous ENaC transcription (Fig. 4B) . Taken together, these data show that selective modulation of GR signaling by compounds in the multiplexed plasmid screen can predict selective effects on endogenous gene transcription.
Nonligand Modulation of GR Signaling. Forskolin, previously known to be a nonligand potentiator of GR signaling (24) , increased GR activity in our primary screen (Table 1 ) and luciferase assays (Fig. 5A) . We used qPCR to establish that forskolin also significantly increased the dex-induced expression of the endogenous FKBP5 locus (Fig. 5B) . Thus, our screening system identified nonligand compounds that augment GR activity at endogenous genes.
To verify that the screen also identified nonligand inhibitors of the GR response, we tested whether several inhibitory com- pounds interacted with the ligand-binding domain (LBD) of GR in a fluorescence polarization assay. As expected, the steroid hormone Hpg competed for hormone binding to the GR LBD; however, none of the other compounds interacted with the GR LBD in this assay. To corroborate these experiments, we examined whether the compounds inhibited nuclear localization of GR in U2OS-GR cells. None of the compounds prevented dex-mediated nuclear localization of GR (Fig. 5C ), and Hpg induced nuclear translocation of GR in the absence of dex.
We also tested whether the compounds altered the protein levels of GR in A549 cells by using Western blot analysis. Ciclo and Para reduced GR protein levels, but Cin B, rosolic acid, and Hpg did not induce substantial alteration in GR protein levels after 24 h (Fig. S3) . Together, these data indicate that Cin B and rosolic acid act neither as GR ligands, nor through altering GR protein expression; however, reduction in GR protein levels may contribute to the effects of Para and Ciclo on GR-mediated gene activation.
Activity of Selected GR Modulators in Cell-Based Assays of GR Func-
tion. This screen was initially designed to discover GR modulators based on changes in activity of 3 promoters that are activated by GR but it left uncertain whether leads would alter GR physiology. GR is a well-known suppressor of TNF-␣ activity, an important aspect of the antiinflammatory effects of glucocorticoids (6) . Thus, we tested whether Cin B, Hpg, and Para would alter the repression of TNF-␣ target genes by GR. Cin B did not alter GR repression of CCL2 expression with TNF-␣ treatment. Para and Hpg also had little or no effect on the GR-mediated repression of several TNF-␣-regulated genes ( Fig. 5 and Fig. S4 ). These data indicate that Cin B, Hpg, and Para selectively block activation of GR target genes, with little effect on the repression of TNF-␣ activity.
GR signaling regulates cell fate and energy homeostasis. We therefore tested whether several of the compounds altered GR-mediated adipogenesis of 3T3 L1 cells. Cin B and Para both inhibited GR-induced fat differentiation, whereas Hpg had no effect (Fig. 6 B-F) . Inhibition of differentiation was not associated with gross alterations in cell viability or morphology (compare Fig. 6 A with D and E) . Moreover, Cin B had almost no effect on myogenic differentiation of C2C12 myoblasts (Fig.  6 G and H) , a GR-independent process. Thus, we have identified chemical modulators of the GR response with selective effects on GR-regulated promoters and GR physiology.
Discussion
We have developed an assay in which simultaneous measurement of 4 promoter-FP reporters quantifies selective promoter activity. In a high-throughput screen, we identified compounds that modulate GR signaling at endogenous target genes, but neither interact with the LBD of GR, nor affect nuclear localization of the receptor. Importantly, we discovered several nonligand compounds that ''tuned'' GR responses, i.e., those that caused GR to regulate only a subset of its normal spectrum of target genes and cellular responses. This work thus has important implications for drug discovery and genetic studies to elucidate factors and signaling pathways that selectively regulate GR function.
Power of a MultiPromoter Readout. Transcriptional regulation is usually measured in high throughput with a single experimental promoter driving an enzyme-based reporter or FP (25) (26) (27) . Laser-based systems and high-content microscopy can be used to measure multiple cellular processes but have not been widely applied for multiplexed measurement of transcription (28) . The ease of measurement, cost, and low variability of FP expression offer advantages over screening systems that directly measure mRNA levels (29) . Our system can also use mixtures of cell types harboring distinct FP reporters, thereby distinguishing cell selective modulators. Thus, our system is an important, low-cost alternative to current systems that use a single reporter or directly measure mRNA levels. Most importantly, the multiplexed system identified compounds that differentially modulated GR activity at a subset of 3 promoters. Although the screen was not designed to identify them, several of the compounds inhibited GR activation but not the repression of inflammatory cytokines. By choosing promoters to include both beneficial and harmful targets, it should be possible to identify more efficiently small molecules that tune receptor output to a desired pattern through effects on relevant cross-talk pathways.
In the screen, there were 66 primary hits, of which 14 were steroid-like NR ligands. Six additional hits were validated as nonsteroidal GR modulators. Thus, the overall screening efficiency was 30%. However, the percentage of nonsteroidal hits that validated as dose-dependent GR regulators was only 11% (6 of 52). The false positive rate was in part due to edge effects, which have been described (30) . In the future, specific library and plate configurations can be used to reduce variability.
Inhibitors of GR.
Anthracyclines were identified as inhibitors of the GR response. The most potent of these, Acl and Cin B, both contain a trisaccharide chain attached to the anthracycline aglycone core that mediates DNA intercalation and is critical for the cytotoxic properties of this drug class (31) . Although anthracyclines inhibit the activity of RNA polymerases (32) , the effects we observed cannot be ascribed to nonspecific inhibition of transcription (Fig. 3D) . The impact of the trisaccharide chain on GR inhibition also indicates that Acl and Cin B do not block the GR response simply through competing for DNA binding via the aglycone core, a mechanism previously reported for inhibition of SP-1 by other anthracyclines (33, 34) . Rather, intercalation of the anthracycline aglycone core with DNA may allow specific interactions between the attached sugars and DNAassociated proteins such as transcriptional cofactors and chromatin remodeling complexes that regulate subsets of the Pol II transcriptome.
Selective Modulators of the GR Response. Progestins can bind GR and mediate transcriptional effects (35) . We identified hydroxyprogesterone caproate as a selective regulator of GR in the primary screen, and at endogenous genes. We also identified 7 known glucocorticoids as selectively regulating GR in the primary screen (Table S2) . Thus, the multipromoter assay can be harnessed to identify selective ligands that specify a desired transcriptional output.
Rosolic acid and Para, which share a common structure of a central carbon bound to 3 phenyl groups, also selectively modulated the GR response in the primary screen and at endogenous genes. Para was previously reported to inhibit androgen receptor (AR) signaling (29), and 2 additional compounds with structural similarity to Para and rosolic acid also inhibited GR in luciferase assays (Fig. S5 ). It will be of interest to test whether the compounds identified here selectively regulate other nuclear receptors and to determine their mechanisms of action. It does not appear that their predominant mode of action is via interactions with the LBD of GR or through preventing the nuclear localization of GR, suggesting that GR cross-talk pathways are mediating the effects.
Conclusion
Selective modulation of GR and other nuclear receptors is a major therapeutic goal. Most efforts to achieve selective modulation have been directed at the LBD of each receptor, which represents only a single facet of the nuclear receptor's activity and does not directly address receptor interactions with crosstalk pathways (36, 37) . In contrast, the multiplexed reporter screen we have described here is a powerful approach for identifying ligands that specify a desired transcriptional output or for identifying and targeting therapeutically relevant receptor cross-talk pathways. Subsequent analysis using qPCR or microarrays can rapidly determine whether hits have bona fide impact on receptor signaling. For putative GR modulators, there are also numerous cell-based assays, such as repression of cytokine expression and modulation of cell phenotype, to test physiologic function. Our application of such assays here suggests that GR signaling can be altered in a potentially beneficial fashion through combinations of traditional ligands and nonligand modulators. We anticipate that broad interrogation of NR cross-talk pathways in compound screens will lead to improved therapies in which physiologic responses are tuned via combinations of classical receptor ligands and heterologous modulators.
Materials and Methods
GR Binding. Compound binding to the GR LBD was assessed by using fluorescence polarization competition (P2816; Invitrogen). Polarization with no competitor was normalized to 100%.
Compound Screen. A549 cells were transfected with an equal mixture of pENaC-CFP, pGILZ-YFP, and pFKBP5-OFP (1.3 g of each) or with pSV40-ChFP (4 g). The next day, cells were mixed (Ϸ1.8 ϫ 10 4 of the triple-transfected cells; Ϸ2 ϫ 10 3 cells transfected with pSV40-ChFP alone) and replated into 96-well plates (3603; Costar). Two hours later, library compounds (2.5 M) and dex (100 nM) were added by using a Biomek robot. The next day, cells were fixed for 4 min in 4% paraformaldehyde. Fluorescence was measured for each reporter by using a Safire plate reader (Tecan). Hits were scored based on the mean and SD of the experimental wells on each plate. Criteria for a hit were if 1 reporter was Ͼ1.5 times the SD from the mean, or if 2 reporters were Ͼ0.8 times the SD from the mean. Wells were generally excluded if SV40-ChFP was Ͼ2 times the SD from the mean in a single plate, or 0.8 times the SD in duplicate plates. Compounds with intrinsic fluorescence were not scored for reporters with overlapping fluorescence.
Quantitative PCR. Total RNA isolation used TRIzol and Pure Link (Invitrogen). Random-primed cDNA was prepared from 1 g of total RNA by using MMLV-RT (Promega). Resultant cDNA (50 ng) was used per 50-L reaction containing 1.25 units of TaqDNA polymerase (Invitrogen), 1.5 mM MgCl 2, 300 nM concentrations of each primer (sequences available on request), 0.15 mM dNTP mix, and 0.2ϫ SYBR green dye (Molecular Probes) in 1ϫ PCR buffer (Qiagen). Real-time PCR used an Applied Biosystems 7700 machine and was analyzed by using the ␦␦Ct method (Applied Biosystems Prism 7700 Users Bulletin No. 2). RPL19 expression was used for data normalization. Relative message levels between samples were compared by using nonparametric rank-sum tests. Data from representative experiments are shown; qualitatively similar data were obtained in replicate experiments.
Immunohistochemistry. Cells were fixed in ice-cold methanol (␣GR) or 4% PFA [myosin heavy chain (MyHC)] and washed three times in PBS, incubated with a polyclonal GR antibody (1 g/mL; 3579; Abcam) or MF20 (MyHC), washed in PBS, and incubated with secondary antibody (Invitrogen). Oil-red staining was performed as described (38) .
